D
espite the fact that plants are sedentary organisms, their physiological processes can be extremely dynamicespecially those involved in transforming the energy from sunlight into energy-carrying ATP molecules in cells through photosynthesis. Bright sunlight can damage the delicate light-harvesting machinery, so plants have evolved a molecular process called nonphotochemical quenching (NPQ), which enables excess light energy to be channelled harmlessly into heat 1 . Writing in Science, Kromdijk et al. 2 report that they have used genetic engineering to manipulate NPQ in tobacco plants. In doing so, plant productivity was enhanced.
Light harvesting in plants is mediated by photosynthetic membranes stacked inside organelles called chloroplasts. Light capture by pigments such as chlorophylls induces electron transport and proton translocation across the membranes. This drives synthesis of the molecules NADPH and ATP, which are used in the 'fixation' of carbon dioxide from the atmosphere during glucose synthesis.
If there is too little sunlight to meet the plant's energy needs, chloroplasts adjust their composition and structure to maximize light-energy input by producing more membrane proteins that carry chlorophylls (which together form a structure called the photosynthetic antenna). But in high light conditions, an increase in the proton gradient across the photosynthetic membrane triggers NPQ, leading to a conformational change in the antenna. The antenna transforms into an inefficient light-harvesting state that 'leaks' captured light energy as heat, preventing it from damaging the photosynthetic machinery 3 . In wild plants, light harvesting and NPQ have been optimized by millions of years of evolution 4 . However, subsequent artificial selection of crop varieties by humans focused on modifying factors such as height and resilience as a means of increasing yield. In optimizing for yield without understanding the underlying molecular processes, breeders failed to boost light-harvesting and photoprotective functions. As such, NPQ induction and relaxation lag behind fluctuations in sunlight, meaning that there are periods in which NPQ is not sufficient to protect the lightharvesting machinery, and periods in which levels are higher than needed, limiting the rate of light harvesting (Fig. 1a) . It is becoming increasingly clear that, if we are to enhance crop performance and yield in the future to prevent food shortages as the global population grows, optimization of light-harvesting management should be a focus of research 5 . What are the factors that could be modulated to mediate light harvesting? It has been shown 6 that the antenna protein PsbS is essential for the fast induction and relaxation of NPQ in response to changes in light intensity. In addition, changes in light modulate levels of two pigment molecules, violaxanthin and zeaxanthin.
An excessive proton gradient activates the enzyme violaxanthin de-epoxidase (VDE), which converts violaxanthin into zeaxanthin 7 . Zeaxanthin enhances NPQ induction in bright light, but confers a slow recovery to normal levels of light harvesting when the plants are shaded again. By contrast, a low-light environment causes a decrease in the proton gradient that activates the enzyme zeaxanthin epoxidase (ZEP) -this converts zeaxanthin back into violaxanthin, which causes a decrease in NPQ, but confers faster recovery in the shade. Hence, NPQ is under complex kinetic control by PsbS and zeaxanthin, with the former enabling a strong and prompt response to light fluctuations and the latter enhancing NPQ induction, but slowing its recovery 3 . Kromdijk and colleagues used geneticengineering techniques to enhance transcription of the genes that encode VDE, ZEP and PsbS in tobacco plants (Nicotiana tabacum). This generated a strain that, when grown in the field, produced 47 times more VDE, 75 times more ZEP and 3 times more PsbS than wildtype tobacco. NPQ was induced much more quickly in intense light in these plants than in their wild-type counterparts, and relaxed much faster when the plant was in shade (Fig. 1b) .
The authors next used a fluorescence-based analysis 8 of chlorophylls to determine the extent of light-induced damage in the engineered plants. It revealed that the engineered plants not only waste less light energy in the shade than do wild-type plants, but also are better protected overall against the damaging effect of bright light. As a result, when the authors grew the engineered plants in fluctuating light conditions, the plants had more-efficient photosynthetic electron transport and carbon fixation than controls, as well as greater dry weights, increased height and bigger leaf area. Together, these data demonstrate that Kromdijk and colleagues' designer plants rapidly track fluctuations in sunlight for optimum light harvesting and prompt photoprotection.
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Readers who have copies, which they may be willing to spare, of advanced text-books, models, specimens, and apparatus for the study of geology are invited to communicate with the British Prisoners of War Book Scheme (Educational) at the Board of Education, Whitehall, S.W. A request has just reached the committee of that war charity from Ruhleben for about fifty books, etc., to enable the camp school there to establish a general course in dynamic geology and crystallography … Books in almost every subject are urgently needed to meet the steadily increasing demands which are daily being received from British prisoners interned in enemy or neutral countries. From Nature 4 January 1917 light conditions, but also those grown in the harsher, more-realistic environment of the field. This is a remarkable example of the use of fundamental knowledge of light harvesting and photo protection to design plant varieties that have much-improved productivity in the field. Moreover, Kromdijk and colleagues' work is proof that the main processes of photosynthesis, such as light harvesting, are essential for plant development, growth and productivity.
This development paves the way for future work aimed at engineering new, highly productive crop varieties that can successfully grow in a wide variety of environments and climatic zones. In broadening the types of land that can be used to grow productive and stressresilient crops, we can begin to prepare to meet the food demands of the growing worldwide population. ■ Alexander V. Ruban 
